1. The time-courses of the respiratory changes at the start of exercise were assesse in twenty middle-aged normal men and in twenty patients with chronic obstructive bronchitis with a moderate reduction in forced expiratory volume in 1 s (FEV,) (group M: mean 1.45 1; range 1.0-2.2 1) and in twenty patients with a more severe reduction in FEV, (group S: mean 0.62 1; range 0.2-0.9 1). All subjects exercisedataconstantwork rate for 6 min, starting abruptly from a steady resting state. Cardiac frequency (fH), ventilation (VE), oxygen uptake (30,) and carbon dioxide output (Vco,) were measured at the end of each minute and the rates of adaptation of these variables determined.
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. At low work rates in young normal subjects the timecourses of the adaptation of ventilation (bE), oxygen uptake (Vo2) and carbon dioxide output (bco,) can be approximately described by single exponential functions (Margaria, Mangili, Cuttica & Cerretelli, 1965; Cerretelli, Sikand & Farhi, 1966) . At moderate or high work rates adaptation patterns are less clearly defined and eventually in maximal exercise a steady state is never achieved (Whipp & Wasserman, 1972) . Most studies of the rate of adaptation of the oxygen transport system have been done with young normal subjects, often in regular athletic training. Some data are available for old men still in training (Davies & Harris, 1964) but none for sedentary men over 40 years of age. Very little information is available on adaptation patterns at the start of exercise in patients with heart or lung disease (Messin, Degre, Vandermoten, Demaret, De Coster & Denolin, 1972; Jones & Reeves, 1968; Schrijen & Jezek, 1970) .
A slow rate of adaptation of ventilation may, however, be an advantage as it may delay the onset of breathlessness in a patient with a reduced ventilatory capacity (Edwards, 1971) . But a slow rate of adaptation of ventilation and circulation at the start of exercise delays oxygen transport, thus demanding a larger contribution from anaerobic metabolism in working muscle.
The aim of this study was to discover whether patients with chronic airways obstruction have altered patterns of adaptation at the start of exercise.
S U B J E C T S A N D M E T H O D S
The patients studied were forty volunteers from the Bronchitis Clinic at the Hammersmith Hospital. They were divided into two groups of twenty men each according to their forced expiratory volume in 1 s (FEV,): moderate airways obstruction, group M, FEV, range 1.0-2.2 1 (mean 1.45 1) and severe airways obstruction, group S, FEV, < 0.9 1 (mean 0.62 1, range 0.2-0.9 1). A similarly aged control group of twenty normal subjects was also studied. None of the normal subjects smoked more than ten cigarettes a day or was in regular athletic training and none had a history of cardiac or respiratory disease (Table 1) .
Full details of the exercise testing equipment and the increasing work rate test have already been published (Spiro, Juniper, Bowman & Edwards, 1974) .
Exercise procedure
All subjects exercised at 50% of their working capacity as determined from a previous increasing work rate test. In addition the normal subjects performed a second constant work rate test on another day at the same work rate as patient group M (50% of the working capacity in group S was a lower work rate).
The subjects were initially allowed to reach a steady resting state (as judged from the cardiac frequency (fH), VE and mixed expired gas concentrations) whilst seated on the cycle ergometer. They then abruptly started to exercise at the pre-set work rate and continued for 6 min. Measurements of fH, VE, 00, and Oco, were made in the resting state and at the end of each minute of exercise (Spiro et al., 1974) .
Blood samples for the measurement of lactate concentration were taken at rest and at the end of the sixth minute of exercise. These were collected from an ear lobe, which had been vasodilated with Trafuril cream (thurfyl nicotinate 5%, Ciba). Five drops of blood were collected in weighed tubes containing about 0.5 ml of perchloric acid (0.85 mmol 1-l). The tubes were well shaken and then stored in a refrigerator before being analysed by an enzymatic method (Hohorst, 1957) . The coefficient of variation for duplicate analysis of forty samples was 8.6% for blood lactate concentrations in the range 0.5-4 mmol I-' (mean 1.4 mmol
1-1).
Measures of the time-course of respiratory variables at the start of exercise As there is no simple way of expressing the time-course of changes at the start of exercise the rate of adaptation was expressed in three different ways.
'1 min % 6 rnin'. The rates of adaptation for fH, VE, Vo2 and Vco, were expressed as the change from the resting value to that at the end of the first minute as a percentage of the total change from rest to the end of the sixth minute of exercise ( Fig. 1). 'tS0'. This index was obtained by plotting minute-by-minute values for fH, VE, 00, and Vco,, and measuring the time for each variable to achieve 50% of the increase from rest to the value at the end of the sixth minute.
'ty. At low work rates adaptation follows the time-course of a single exponential, which is conveniently expressed as a half time (t+). The rate of adaptation for Vo2 was calculated by using the following equation (Whipp, 1971) .
The lag volume for O2 (Harris, 1969) during the 6 min of exercise was measured by collecting the mixed expired gas in a Douglas bag, fitted to a three-way tap on the distal side of the mixing chamber. After the test the Douglas bag contents were analysed by the same physical gas analysers used during exercise. The volume of gas was then measured with a Parkinson Cowan CD4 dry gas meter. Thus lag volume for O2 = (6th min Vo2 x 6 ) -Vo2 (Douglas bag), where Vo2 represents the oxygen uptake during the exercise period calculated from the Douglas bag expired gas collection. Lag volumes for Vco, and VE were similarly determined and analogous formulae used to calculate t4 values for the adaptations of Vco, and VE. 
RESULTS
The responses of the patients in group M have been compared with those of the normal subjects when the latter exercised (i) at the same absolute work rate as group M and (ii) at the same relative work rate, i.e. 50% of their working capacity.
The mean work rate for group M ( Table 2 ) was 48-9 W (SEM 2.67, n = 20); the work rate for the normal subjects was 50.7 W (SEM 0.77, n = 20).
With the '1 min % 6 min' index the pattern of adaptations in the normal men at their lower work rate was f H > VE > fro, > VCQ,. The pattern was different in group M, as both fH and 90, adapted faster than VE @able 3). The rates of adaptation of fH and VE in group M were significantly slower than in the normal subjects exercising at the same absolute work rate (t = 2.98; P<0.005, At 50% of their working capacity the normal subjects exercised at 83.8 W (SEM 3.06, n = 20). The pattern of adaptation changed from that at the lower work rate and was similar to that in = 40). group M, i.e. fH > 00, > VE > frco,. The rates of adaptation of fH, frE and Vco, at 50% of the working capacity were significantly slower than at the lower work rate (t = 3-3; 0.001 < P<0-005, n = 40), but were similar to those of patient group M for each of the four variables. The mean exercise capacity of the patients in group S was lower than those in group M. The work rate at 50% working capacity was only 30-1 W (SEM 3-22, n = 20). However, the pattern of adaptations in patient group S, i.e. fH > Vo, > > Vco,, was similar to group M and to the normal subjects exercising at 50% of their working capacity. The rates of adaptation of all four variables were slower in group S even though they were exercising at a lower work rate than group M. The rates of adaptation were also measured as t,, and t+ and these indices showed essentially the same patterns and rates of adaptation (Table 3 ). However, in the patients who did not achieve a steady state by the sixth minute of exercise, the t$ could not be calculated.
There was no correlation between the rate of adaptation for ventilation and the dead space, dead space/tidal volume ratio, resting mixed venous Pco,, resting arterial PO,, venous admixture ratio or the increase in lactate during exercise. Rebreathing responses measured in eleven of the patients showed no correlation between the slope of the VE/Pa,co, relationship calculated and the rate of adaptation of ventilation. Values for the slopes ranged between 0-24 and 2.33 l/Wa Pco,.
Resting blood lactate concentrations were similar in all groups (0.83 mmol 1-', SEM 0.04, n = 60). The increase in lactate from rest to the end of the sixth minute of exercise was significantly higher in the patient groups than in the normal subjects at similar work rates ( t = 5-5; P<O-OOl, n = 40), but was not significantly different in the three groups when the normal subjects exercised at 50% of their working capacity (Table 2) . 
DISCUSSION
This study is the first to assess the rates and patterns of adaptation of fH, VE, Vo, and Vco, at the start of exercise in middle-aged patients with chronic airways obstruction and in normal men of similar age. Before discussing the results obtained in the three groups of subjects, it is necessary to consider the measurement techniques. It was not practical with the equipment used to measure ventilation and gas exchange more frequently than at the end of each minute of exercise. The rates of adaptation of fH, $'E, fro, and Vco, were expressed simply as the increase from rest to the end of the first minute of exercise as a percentage of the total increase observed by the end of the sixth minute ('1 min % 6 min'). This index, in order to facilitate comparison with the t50 and t+, was also expressed as an 'equivalent tf', which was measured from a semilog plot of the mean data for each minute of exercise in each group ( Table 3) . The 't50' and the '1 min % 6 min' indices, which are based on minute-by-minute measurements during exercise, do not depend on any assumed curvilinear function or on the achievement of a steady state. However, the achievement of a steady state is a necessary requirement for the calculation of t+, which is based on the assumption that the time-course of adaptation follows that of a single exponential.
Comparison of the pattern of adaptation of fH, VE, PO, and VCO, in normal subjects
In young subjects, Wigertz (1971) showed that f H adapted faster than % at the onset of exercise, and Cerretelli et al. (1966) found that VE increased faster than Vo, and Vco,. This pattern was confirmed in pilot runs on three young men (aged 28, 29 and 30 years) in our laboratory at Po, = 44.6 mmol (1-0 I STPD) min-' and was similar to that of the middleaged men in this study exercising at the same To2. However, when the normal subjects were restudied at 50% of their working capacity the pattern of adaptation changed, with Vo, increasing faster than VE. The rate of adaptation of all four variables was faster in the younger subjects than in the middle-aged men at the same Vo,.
Rates of adaptations in normal subjects
The time-course of the adaptation of f H follows a double exponential (Davies & Harris, 1964; Wigertz, 1971 ) with a t3 of 15-20 s in younger subjects (Davies, Di Prampero & Cerretelli, 1972) . The t4 for To, and ficoz, when measured in young subjects, also showed a more rapid rate of adaptation than in our normal middle-aged men: 30 s for 00, (Margaria et al., 1965; Cerretelli et al., 1966; Whipp, 1971 ) and 15-50 s for vco, (Cerretelli et al., 1966; Davies et al., 1972) . Although the rate of adaptation of all four variables was slower in our normal subjects than in the few studies available on younger subjects, exactly how adaptation rates vary with age has yet to be determined. The slowing of the rate of adaptation in the normal subjects with increasing work rate, found in the present study, has also been noted by others (Davies et al., 1972; Whipp & Wasserman, 1972) .
Rates andpatterns of adaptation in patients
A slow increase in the ventilatory response to exercise in chronic obstructive bronchitis has been reported previously (Schrijen & Jezek, 1972; Edwards, 1971 ).
Significantly slower rates of adaptation of fH, VE and Oco, were found in both patient groups M and S than in the normal men exercising at the same absolute work rate as group M.
Despite the lower Po2 in group S exercising at 50% of their working capacity the rates of adaptation of all four variables were still slower than in group M and the normal subjects.
Lack of 'fitness' as a consequence of an imposed reduction in habitual activity may account for the slower rate of adaptation and the higher blood lactate concentrations in the patients exercising at the same work rate as the normal subjects. At 50% of working capacity, rates of adaptation and blood lactate concentrations were similar in all subjects. No specific effect of the ventilatory limitation on adaptation rates in the patients could be detected. It would therefore appear that chronic airways obstruction affects rates of adaptation of fH, VE, 00, and dco, at the start of exercise mainly by reducing the overall working capacity. How the rates of adaptation are related to overall working capacity is unknown but it is clear that the changes in a number of respiratory and metabolic variables are more closely related to the relative work load (oxygen uptake as % of maximum aerobic power) than to absolute oxygen uptake (Astrand & Rodahl, 1970) .
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